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Introduction
This paper analyzes the tradeo¤ between price stability and …nancial stability a central bank might face when dealing with …nancial sector misalignments and concerns about in ‡ation. To speak meaningfully about this issue, we develop a model with standard pricing frictions and a pecuniary externality, where the latter arises from the possibility of bank runs that trigger …re sales of assets by banks. Such banking crises arrive with an endogenous probability and have severe macroeconomic implications for output and in ‡ation. Both the probability of a crisis and the resulting output losses are increasing in the share of run-prone liabilities on banks'balance sheets. Hence, an interest rate policy can reduce the risks and the costs of banking crises by responding to such liabilities.
Interestingly, we …nd that the option to respond to commercial banks'run-prone funding will not lead to higher in ‡ation and output stability. Instead central banks will aim to stabilize investment. This insight is consistent with Issing's (2003) notion of …nancial stability, de…ned as "the prevalence of a …nancial system, which is able to ensure in a lasting way, and without major disruptions, an e¢ cient allocation of savings to investment opportunities." As anticipated by Issing, …nancial stability in this sense comes temporarily at the expense of sizable deviations of in ‡ation and output from their long-term trends.
The 2007-09 …nancial crisis has shown that bank runs and associated …re sales of assets are still a relevant concern for policy-makers. While deposit insurance seemingly eliminated bank panics caused by household deposit withdrawals, new types of short-term liabilities, prevalent among …nancial institutions, have become a source of …nancial fragility. Figure 1 shows that …nancial crises associated with bank runs were quite common in the United States before deposit insurance was introduced. The red spikes in Figure 1 mark the occurrences of …nancial crises, and the green line shows when deposit insurance was introduced. These crisis episodes were often accompanied by economic downturns, as can be seen from the labour productivity series in Figure 1 .
After a long quiet period without crisis, the change in the composition of short-term funding, from retail to wholesale, shown in Figure 2 , has created a very reactive type of …nancial liability, as was evident during the 2007-09 …nancial crisis. Gorton and Metrick (2012) highlights the risks associated with wholesale funding created by short-term …re sales in the context of the recent …nan-cial crisis. As the signs of …nancial sector distress mounted, …nancial institutions and corporations started to run on distressed intermediaries, rapidly withdrawing their funds or increasing their collateral requirements. Figure 3 illustrates how the costs of repo re…nancing grew from almost zero in July 2007 to 46 per cent haircuts by January 2009. 1 Building on the model of bank runs and …re sales of assets proposed in Stein (2012) , we analyze the nature of the monetary policy tradeo¤ in a run-prone environment. 2 Our model features banks 1 For a more detailed discussion of the relationship between bank funding and …nancial crises, see Gorton (2012) . 2 Monetary policy might not be the ideal tool to deal with such problems, however, as Stein (2013) highlighted, because of regulatory arbitrage, gaps in the regulatory framework or the speed with which regulation can react, monetary policy might still have an important role in this context. Also important is the fact that monetary policy that issue short-term nominal liabilities, which are valued by households for being riskless and redeemable on demand. When these funds are withdrawn prematurely, banks are forced to sell claims to their assets at a …re-sale price. The safe nature of these liabilities is enforced by a borrowing constraint on the maximum amount of banks' short-term liabilities. This borrowing constraint, combined with a standard …re-sale externality, creates the possibility of …nancial sector misalignments in our model. Speci…cally, banks issue too much short-term debt relative to the socially optimal level, leaving the …nancial system vulnerable to costly …nancial crises.
In our model, as in Stein (2012) and Gertler and Kiyotaki (2013) , the output costs of …nancial panics depend on the amount of short-term liabilities on the balance sheets of …nancial institutions. The more short-term funding banks attract, the bigger the disruptions to production created by bank runs and …re sales of assets.
Our extensions of Stein (2012) can be summarized as follows. First, we make the probability of bank runs state-contingent by linking it to the probability of insolvency in an equilibrium-consistent way. The state-contingent bank run probability in our model gives monetary policy the best chance to matter for …nancial stability because it is in a position to make crises unlikely tail events. Second, we embed the model in an in…nite horizon framework with standard nominal price rigidities, thus forcing monetary policy to consider concerns about both price and …nancial stability. Overall, this addition allows us to better understand the business cycle properties of …nancial risk and to analyze the potential monetary policy tradeo¤s. Third, we allow for risk-aversion on the part of households. Fourth, we allow for markup shocks and liquidity demand shocks, which help us to replicate data moments for in ‡ation and interest rate spreads.
The model is calibrated to the US data from 1986Q1 to just before the 2007-09 …nancial crisis, using macroeconomic time series and benchmarking against cross-sectional data from the balance sheets of publicly listed US banks.
Focusing on Taylor style monetary policy rules, the main …ndings of our paper are the following: the optimized monetary policy (OMP) rule is aggressive on in ‡ation but is responsive to ‡uctuations in banks' short-term funding positions at the same time. The optimal coe¢ cient on short-term funding is negative, which means the policy rate is decreasing in short-term funding. This policy response to short-term funding may seem destabilizing at …rst. Indeed, other things equal, when the policy rate falls relative to long-term rates, the banks have more incentive to fund themselves short-term and thus more cheaply. For households, however, wider interest rate spreads increase the opportunity cost of short-term assets, thus moderating their supply of short-term funding to the banks. In our quantitative experiments, we …nd supply e¤ects of short-term funding dominate demand e¤ects. Thus a negative coe¢ cient on short-term funding in the central bank's policy rule has a stabilizing e¤ect on the quantity of run-prone liabilities by choking households' supply of short-term funding. More importantly, the tighter control over the short-term funding confers the long-term bene…t of an adjustment in private sector expectations. Just like an aggressive response is able to in ‡uence all …nancial sector decision, or, as Stein phrased it, to get "in all of the cracks"left by regulation.
to in ‡ation improves the tradeo¤ between in ‡ation and output, we …nd that an aggressive response to the household supply of short-term funds allows the central bank to improve its tradeo¤ between the level of interest rates and the amount of run-prone liabilities accumulated by banks. The mere threat of an aggressive response to short-term funding is su¢ cient to moderate the accumulation of run-prone liabilities. In our simulations with an OMP, the ability of the central bank to control shortterm funding lowers the average interest rates relative to the benchmark monetary policy (BMP), or calibrated, economy. The lower borrowing rates stimulate investment and wealth accumulation, leading to a substantial welfare gain. Thus, our main …nding is that a tighter control over short-term funding improves the central bank's policy tradeo¤ between the average level of investment and the amount of …nancial fragility. It is not a free lunch, however. We …nd that under the optimal policy, the central bank needs to accept higher levels of in ‡ation and output volatility relative to the BMP economy. Thus, there is still a policy tradeo¤ between price stability and the …nancial stability, as de…ned in Issing (2003) .
To asses the importance of the central bank's ability to respond to short-term funding, we also examine the restricted optimized policy rule (ROMP), which precludes a direct response to banks'short-term funding. The ROMP is more cautious than its unrestricted counterpart (OMP). Unable to contain short-term funding more directly, the ROMP focuses primarily on more standard macroeconomic stability goals, such as reducing the volatility of in ‡ation and output. Moreover, the ROMP also lowers the average crisis probability, relative to the OMP. However, these gains in macroeconomic stability come at the expense of lower average output, investment and wealth, especially in the aftermath of crisis episodes. Overall, the restriction implies a substantial welfare loss relative to the unrestricted optimized policy.
To understand the nature of high-risk periods and the way monetary policy tries to manage them, we characterize the average conditions of high-risk periods relative to the conditions in all other periods. We …nd that high-risk periods exhibit lower than steady state wealth, output, in ‡ation and interest rates. OMP and ROMP reduce the frequency of such tail events and the conditions under which they arise. However, given that the probability of the crises is still quite small, even in these high-risk periods, it appears more promising to take a systematic approach to managing the consequences of …nancial crises ex post than trying to target them ex ante.
Our paper contributes to the recent literature on the role of "leaning against the wind" in the objective function of monetary policy. 3 Within this line of research, our paper is closest to Angeloni and Faia (2013) . The authors provide a tractable model in which the probability of a bank run depends on banks' leverage, which in turn might be suboptimally high from a social perspective because bankers are less risk averse than households. 4 Angeloni and Faia (2013) …nd that the marginal bene…t of leaning against buildups in asset prices is small, provided that monetary policy responds aggressively to ‡uctuations in in ‡ation. Another di¤erence from our paper is that Angeloni and Faia do not consider …re sales as part of their model, instead they assume a …xed exogenous cost of bank runs. In our model, as in Stein (2012) , the cost of bank runs depends on banks'funding choices, which are in ‡uenced by monetary policy. Another closely related paper is Brunnermeier and Sannikov (2014) , who provide an analytical characterization of global non-linear dynamics in a tractable continuous time model with …nan-cial frictions and …re sales of assets. With respect to some core elements, e.g. large shocks that require global solution methods, resource misallocation resulting from liquidity problems and …re sales, our analysis is similar to theirs. We do not provide an analytical characterization, however, aiming instead for a quantitative model that replicates key characteristics of the US macroeconomic environment.
Other papers that consider leaning against an accumulation of …nancial liabilities are Ajello et al. (2015) and Alpanda and Ueberfeldt (2016) . Both papers approximate the probability of a crisis using reduced-form parametric functions, thus facing concerns regarding the policy invariance of the probability function parameters. Abstracting from problems related to bank funding, they …nd that the bene…ts of monetary policy responses to asset price misalignments are small at best. In contrast, our analysis …nds substantial welfare bene…ts from a monetary policy response to the banks'short-term liabilities, i.e. OMP.
The paper is organized as follows: Section 2 describes the model; calibration details are in Section 3; Section 4 presents the policy experiments and other results; Section 5 concludes.
A model of bank runs, …re sales and monetary policy
The model has six decision makers: banks, patient investors, intermediate-good producers, retailers, households and the government.
The heart of the model is the …nancial sector that admits bank runs and …re sales of assets. The …nancial sector consists of two types of intermediaries: banks and patient investors. Banks make irreversible investments into illiquid productive assets before learning whether there will be a bank run on their demand deposits. Unlike banks, patient investors can wait until the bank-run shocks have realized before investing in illiquid assets. The presence of patient investors is crucial for the existence of …re sales because it allows banks to raise funds when short-term funds are withdrawn prematurely. Speci…cally, banks can sell part or all of their illiquid investments to patient investors, who still have liquid funds in hands, during a …nancial crisis. 5 Firms that produce intermediate goods require external …nancing and obtain the funds from the …nancial sector. For computational tractability and to focus attention on the …re-sale externality, we follow Stein (2012) and abstract from potential asymmetric information problems arising from 5 The government could play a comparable role to that of patient investors in the event of a crisis.
the external funding of …rms that produce intermediate goods. We assume that these producers are controlled by banks or patient investors, depending on their source of funding. Thus banks and patient investors collect investment returns from their intermediate-good …rms, and use these proceeds to pay deposit returns, bond returns and pro…ts.
Households consume …nal goods and lend their savings to banks and patient investors. In addition, households'labour services are inelastically supplied to the intermediate-good producers.
To introduce monetary policy, we model monopolistically competitive retail …rms, who buy intermediate goods, di¤erentiate them and then sell …nal goods to the households. When setting prices for their goods, retailers face quadratic costs of price adjustment, as in Rotemberg (1982) .
The government controls the nominal short-term interest rate, setting it in accordance with a simple log-linear rule, as in Taylor (1993).
The household problem
The representative household's problem can be written in a sequential form:
subject to
(2) log ( t ) = log ( ) + log t 1 + " ;t log ( t ) = log ( ) + log t 1 + " ;t (3)
where W t is the real value of …nancial wealth at the beginning of period t; D are nominal dividends from banks, patient investors, and retailers, and T t+1 are lump-sum nominal transfers from the government.
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R t is the state-uncontingent nominal interest rate on demand deposits and R A t is the stateuncontingent nominal interest rate on bonds. Bonds are assumed to be riskless from a household perspective because either bank equity holders or the government will pay in the event that the business is unable to. 8 This assumption simpli…es our analysis, but is not essential for the results. 9 The term t v D Finally, Y t is a aggregate good and P t is the aggregate price level. The households buy a continuum of goods,
di from retailers and combine them into a …nal good according to a constant elasticity of substitution aggregator to
A household's optimal demand for individual good Y t (i) depends on its relative price
where
is the welfare-relevant price index. This price index allows us to state the household's problem in terms of aggregate …nal goods.
The main decision for the households is the allocation of wealth between consumption and the savings in di¤erent investment vehicles. These decisions are guided by the following Euler equations:
The …rst equation compares the costs and bene…ts of demand deposits. The cost is the marginal utility of foregone consumption today. The future bene…t is the nominal return R t accruing in all future states and the marginal utility from deposits. The second equation relates the marginal utility cost of buying a long-term bond today to its expected future nominal return.
From these conditions we can deduce that the spread between the corporate bonds and deposits 8 Based on our calibration, government-insured deposits constitute a sizable part of bond funding in our model. Thus the assumption that the government insures a part of the funds that are not run-prone seems reasonable. 9 It is important to note that bank owners are assumed to be liable for bond repayments because they might be forced to inject equity funds into banks in the case of a bank run.
on the supply side is determined by the liquidity premium:
Preferences are assumed to have the following functional form:
Notice that both consumption demand and liquidity demand have the same intertemporal elasticity of substitution 1 . We imposed this restriction on the utility function to allow for a balanced growth path in the presence of trend productivity growth. 2. With probability p, a publicly observed distress signal is received, which leads households to withdraw their demand deposits. Since banks have already invested their available funds, they need to sell some or all of their assets to pay D B t to the holders of demand deposits, i.e. the household. Patient investors are able to buy those assets because they still have liquid funds in hand, given that their investments take place after the distress signal is received. ; with some part of the output now owned by patient investors.
(b) Disaster strikes with probability 3 = pq; in which case a share (1 ') of output is lost.
The banking sector produces
1 of intermediate goods. In addition, a fraction (1 ') of the undepreciated capital (1 ) K B t is also lost.
We can summarize the intermediate-good production funded by banks as follows:
1 with probability
The patient investor's production function itself is una¤ected by the realization of a shock speci…c to the banking sector. However, in the case of a bank run, patient investors buy assets from distressed banks. Thus the output of the patient investors'projects is
is the amount of real funds transferred from patient investors to banks in exchange for claims to their output. It is noteworthy that a bank run that does not end in disaster still entails an economic loss because investment resources are withdrawn from production reducing the productive capacity of the economy. More speci…cally, the households simply store withdrawn deposits until next period (t + 1), realizing a real return of 1 per unit.
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Given that technologies funded by banks and by patient investors produce the same intermediate good, they face the same relative price of intermediate goods denoted by Q t+1 and are exposed to the same aggregate productivity process:
Banking sector' s problem
As in Stein (2012), we assume that banks are funded through bonds and demand deposits. Demand deposits are risk-free and can be withdrawn at any time. Should households withdraw their demand deposits prematurely, the resulting …re sale leaves banks with insu¢ cient funds to pay bond-holders.
In this case, either bank equity holders have to inject additional funds or the government has to step in.
Since demand deposits are risk-free, banks face a collateral constraint on the quantity of demand deposits they can issue, which ensures that the banks can pay their demand deposits given the …re-sale price of their assets. This collateral constraint gives rise to a standard pecuniary externality because the banks treat the …re-sale price as independent of their own actions.
In case of a bank run, the maximum amount of funds a bank can obtain by selling claims to all of its future revenues in a non-disaster state (s 2 ) is limited by:
where t is the …re-sale discount price. There are two processes that matter directly, the idiosyncratic (bank-speci…c) revenue shock t+1~l og N 0; ( ) 2 realizes at the same time as the aggregate productivity shock " z;t+1 and captures the cross-sectional variation in the revenue of banks. Notice that the labour share of output (1 )
has been removed from the expected revenue.
The …re-sale price t will be determined in equilibrium and depend on the choices made by banks and patient investors. Speci…cally, a very high share of short-term funding of banks will make …re sales very costly from a bank's perspective. Similarly, a very high amount of patient investor capital will drive up the …re-sale price.
Given the risk short-term funding represents, the question arises as to why banks would want to use it? The main advantage of short-term funding is that it is cheaper than bond funding and does not create any major problems in normal times. Since bank runs are low probability events, the risk seems to be very small, and the pecuniary externality leads banks to overuse them from society's perspective.
By limiting claims only to a non-disaster state, we implicitly assume that banks can only reliably pledge their revenue if a disaster is averted. In case of a disaster, the government steps in, making patient investor's claims to banks'assets junior to the public's claims. This possibility reduces the value of bank assets to the patient investors. 12 To summarize, the maximum amount a bank can raise in the case of a bank run is:
Based on this, the representative banker's problem can be expressed in terms of expected next 12 Alternatively, we could allow banks to pledge the value of their assets even in disaster situations. However, based on our calibration results this would imply a very high collateral value and lead to too much short-term borrowing as a share of total bank funding compared with what the data illustrate.
period payo¤ as follows:
where t+1 is the representative household's state-contingent marginal utility value of additional nominal income, Q t+1 is a state-contingent price of intermediate goods relative to consumption goods, and w , on their short-term liabilities.
The main FOC's can be written as relationships between the interest rate spread and the shortterm funding constraint:
From equation 5, we know that the borrowing constraint only binds if there is a su¢ ciently large interest rate spread or, in other words, if the household demand for short-term funding is strong enough.
From equation 6, we know that the presence of a su¢ ciently sizable spread a¤ects the scale of bank-funded production. 13 For details regarding the banks'problem, see section 8.2 of the Appendix.
Patient investor' s problem
The patient investors raise K
units of resources in the bond market. When the public signal regarding the bank run state becomes apparent, the patient investors still have liquid funds in hand, which can be used to buy distressed assets from the banking sector.
14 Patient investors buy claims from all banks, thus diversifying away the idiosyncratic risk. Independently of the public signal, patient investors can always invest in their project. The revenue from the projects is given by
; z t+1 . The problem of a patient investor is:
Patient investors buy all the o¤ered asset claims in the case of a bank run,
t , thus they determine the equilibrium …re-sale price, t . The …re-sale price in turn determines the expected return of these state-contingent claims 2 t .
Retailer' s problem
In the retailer's problem, the constant
can be thought of as a production subsidy from the government, which is assumed to align the steady-state output in normal times with its e¢ cient level.
We focus on a symmetric equilibrium and, following much of the sticky-price literature, we add a markup shock " t = " exp ( t ) to the optimal pricing equation. Thus we obtain:
where t = e t 1 + t :
The markup shock will be essential for matching pricing moments in the data. It also contributes to the tradeo¤ between price stability and …nancial stability because monetary policy might be confronted with high in ‡ation, weak aggregate demand, and low short-term funding relative to total bank funding. Besides the tension between in ‡ation and aggregate demand, there is now the additional issue of the desirable bank balance sheet composition, suggesting di¤erent potential actions regarding the interest rate.
Government
The government in this economy sets the interest rate on demand deposits according to the following rule:
The rule responds to deviations of the in ‡ation rate from its target and the level of consumption relative to its steady-state value in normal times. In addition, monetary policy may react to the level of short-term funding, D B t , relative to its steady-state value in normal times. This interest rate R t is speci…ed relative to its ‡exible price benchmark R n t . We could instead de…ne the interest rate relative to its steady state value R, but in our model with large disaster shocks, the steady state is not invariant to policies. As a result, a ‡exible-price interest rate provides a better reference for interest rate policies.
We chose consumption as our measure of economic activity mainly for computational reasons because using output instead of consumption would require an expansion of the state space. We verify that consumption is strongly correlated with output in equilibrium.
The government also provides a subsidy to retailers of …nal goods to ensure an e¢ cient steadystate output in normal times, …nanced by lump-sum taxes. Finally, the government sets a minimum equity constraint that captures the spirit of the Basel II style capital adequacy ratio, demanding that equity needs to be at least 8 per cent of capital at risk. In our model, losses of up to 8 per cent of risky assets (in our case, all assets) are ignored when we are computing the risk of bank defaults. This constraint doesn't directly a¤ect banks'behaviour, but it a¤ects the probability of a bank run, as we will explain in section 2:5. This is a short-cut approach to capture the stabilizing e¤ect of bank regulation.
Market clearing
There are seven markets in this economy: …nal goods market, intermediate goods market, two segmented labour markets, the short-term funding market, the long-term funding market, and the …re-sale market. All of these markets must clear.
if there is no bank run in t 1:
there is a bank run in t 1; but no disaster in period t.
there is a bank run in t 1; and a disaster in period t.
Note that labour is distributed equally across the two sectors in equilibrium:
Probability of a distress signal
In our model, the probability of a distress signal is a function of the state of the economy. Because we focus on fundamental economic risk, we assume that the probability of a distress signal depends on the probability that an individual bank becomes insolvent. Since bank-speci…c productivity shocks are independently and identically distributed across banks, all banks face the same default probability in a given period. Speci…cally, we have:
+p(1 q) Pr(
where B t+1 is an individual bank's pro…t in period t + 1 de…ned as follows
The variable t+1~l og N 0; ( ) 2 is an idiosyncratic shock to a bank's revenue. All banks are assumed to face this bank-speci…c revenue risk. This shock realizes at the same time as the aggregate productivity shock z t+1 and captures the cross-sectional variation in the revenue of banks. The value 0 < t 1 is the …re-sale discount that entices patient investors to buy distressed assets from the banks.
In the equation 7, we take the presence of the regulatory requirement into account by ignoring losses of up to K B t where = 0:08. To link the insolvency probability to the probability of a distress signal, we simply assume that p = Pr insolvency t+1 . Under this assumption, equation 7 can be transformed into a more insightful expression:
Hence, our association between distress and insolvency has clear implications for the possibility of bank runs. For bank runs to occur, it is essential that a positive measure of insolvencies be possible in good times, i.e.
>0. In our economy, it is thus important that the 8 per cent regulatory equity requirement be insu¢ cient to absorb all shocks. To achieve this, we need to allow for idiosyncratic risk t+1 to a¤ect the gross return of banks. 15 In the calibration section, we use the balance sheet data on the variation in pro…t rates per unit of assets to assess the amount of idiosyncratic revenue risk faced by US banks.
It is important to mention that the e¤ect of monetary policy on the distress probability is ex ante ambiguous. In good times, lower deposit rates lead to higher pro…ts since banks save on interest payments. However, these lower rates may also result in banks having a stronger demand for short-term funding and hence to costlier …re sales in the case of a bank run. We …nd that the impact of lower rates on the distress probability depends on the endogenous response of the interest rate spread R A t =R t , which can either increase or decrease depending on the changes in the supply of short-term funding. In our experiments, the total impact of policy rates on the average distress probability was found to be fairly small. 16 As a result, monetary policy will be less concerned with in ‡uencing the average default probability, focusing instead on containing the expected costs of bank runs and on supporting investment before and after crises occur.
Monetary policy, bank-run risk and short-term funding
In our model, the banking disaster can only happen after a bank run. With the endogenous probability of bank runs, monetary policy can reduce the probability of …re sales and banking disasters by making bank runs less likely. A reduction in the probability of bank runs could be achieved by restricting the amount of short-term liabilities issued by banks. While our assumption that banking disasters cannot happen without bank runs is strong, it gives monetary policy the best chance to achieve its …nancial stability objectives by discouraging short-term funding and ensuing …re sales. However, since the representative household derives utility from demand deposits, a complete elimination of short-term funding can not be optimal. The central bank in our model must strike a balance between the utility bene…ts from demand deposits and their potential costs in a bank run situation. The price stability concerns and the maintenance of a functional savingsinvestment channel add additional constraints on the ability of the central bank to attain …nancial stability.
The policy rate R t in our model is the only tool for achieving the central bank objectives. However, it is not the policy rate per se but the interest rate spread
Rt
1 that a¤ects the willingness of banks and of the representative household to create demand deposit liabilities. When the central bank changes the short-term rate R t ; it a¤ects the spread between the bond rate, R A t , and the policy rate, R t . A narrower spread has two opposing e¤ects on the quantity of demand deposits. On the one hand, banks have fewer incentives to o¤er demand deposits because the cost advantage of demand deposits has decreased in favour of bonds. On the other hand, the representative household has an incentive to increase its demand deposit holdings since the opportunity cost has diminished as a result of the tighter spread. This e¤ect on household deposits follows from the household's optimality condition:
If the spread term on the left-hand side decreases, and the ratio
does not change much, the D h t =P t term on the right-hand side must decline, which can only happen if the real deposits of the household, D h t =P t , increases. In our experiments, the negative impact of tighter spreads on the banks' incentive to o¤er demand deposits is dominated by the stimulating e¤ect on the supply of household demand deposits.
Solving for the equilibrium
As the economy confronts very large shocks, we solve the model non-linearly using the endogenous grid points method …rst proposed by Carroll (2006) . Speci…cally, we de…ne a grid over the state of the economy, S; which includes real wealth, W , the liquidity demand shock, , and the cost-push shock, . Then we use the solution to the social planner problem, see section 8.4 of the Appendix, as an initial guess for the consumption policy function C (S) as well as for the functions p (S), (S) and Q (S) : Starting with this initial guess, we iterate backward by solving the portfolio problems and generating updates for the endogenous grid over W:
An important aspect of the paper is the optimization of policy rule coe¢ cients. Here we always start our optimization problems with a global search algorithm (simulated annealing) to avoid local maxima. After the algorithm has su¢ ciently converged, we turn to a local optimization routine, the Nelder-Mead algorithm, using the candidate solution from the simulated annealing.
Calibration
We calibrate the model to match key characteristics of the US economy and its banking sector. The calibration section proceeds in two steps. First, we explain the choice of some basic parameters, then we explain the estimation of the remaining ones. In all of our simulations, we take an in ‡ation target of 2 per cent per year as given. 17 
Basic parameters
The basic parameters are ( ; ; ; "; ) and their values as well as the rationale for setting them are summarized in Table 1 .
For the capital income share parameter , we use the average capital income share based on the National Income and Product Accounts (NIPA) data as provided by the Bureau of Economic Analysis (BEA). After splitting entrepreneurial income into its labour and capital components, we reduce aggregate income by indirect business taxes and add subsidies to obtain a more accurate output measure. We …nd for the period 1952-2013: = 0:364.
The depreciation rate of capital is chosen so as to minimize the distance between the BEA real total private asset stock and one constructed based on BEA quarterly real business investment from 1952-2013. We obtain = 0:025.
Next, we chose the intertemporal elasticity of substitution at 1 = 0:5, as suggested in the literature, see the cross-country study by Havrnek et al. (2013), for example. Next, we have to determine two price setting parameters. Speci…cally, we set the CES substitution coe¢ cient that determines the retailers'markup to " = 8, implying an average markup of 17 Doing a welfare comparison across alternative targets, we found that the optimal target in the model is between 2 and 2:5 per cent, though the welfare di¤erences are small. 14:29 per cent. Given this choice, we then determine the Rotemberg adjustment cost parameter = 25. This value is consistent with the estimates of the slope of the Phillips curve available in the literature and gives the values of the real cost of in ‡ation that are reasonable relative to Lucas's estimate of the cost of business cycles.
Estimation
We estimate the remaining 11 parameters using a minimum distance estimation procedure, which aims to match simulated model moments to their counterparts in the data. To do so, we solve:
where we have = ; q; ; z ; '; ; ; ; ; 0 and g ( ) =m
( ) m 1, with m being the data moments andm ( ) the model moments based on a 100,000 period simulation. Unless otherwise stated, the data moments are based on US time series for the period from 1986Q1 to 2007Q3. The comparable model moments are obtained from simulations without …nancial crisis situations. For both model and data moments, we analyze Hodrick-Prescott …ltered log e time series. The moments for model and data are listed in Table 3 , the parameter estimates in Table 2 .
We will now list the 11 target moments and the associated parameter estimates. The stated association is loose but helps to think about the relevance of the moment choice. Our moments re ‡ect the key aspects of the paper, namely the role of short-term funding in the economy and its relationship with the business cycle. Thus we have both interest rate and short-term funding as well as output-related moments.
Interest rate moments
Average real corporate bond yields for bonds with AAA rating by Moody's, 3:78 per cent annualized ! household discount rate = 0:9899:
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Average spread between the bond and the fed funds rate adjusted for the term premium, Short-term funding moments 18 We unfortunately only had AAA-rated bond yields for …nancial intermediaries for a short period. During that period, however, they behaved similarly to those of non-…nancial AAA-rated corporate bonds.
To obtain a short-term funding series, we use the ‡ow of funds data for deposit-taking institutions as well as for brokers/dealers. Both groups of …nancial institutions were heavy users of short-term wholesale funding. To measure the short-term funds exposed to bank runs, we combine wholesale short-term funding (e.g. repos) with uninsured retail deposits.
Average share of short-term funding of private deposit taking institutions and brokers and dealers, 35:34 per cent ! standard deviation of idiosyncratic productivity shocks, = 2:9 per cent.
Standard deviation of short-term funding, 2:04 per cent ! the standard deviation of innovations to interest rate spread shocks, = 0:0009.
Output moments
Standard deviation of real output, 1:33 per cent ! standard deviation of innovations to total factor productivity (TFP), z = 0:0109.
Drop in real output during the Great Depression, 0:26 ! The fraction of banks' revenue remaining, if a disaster state realizes, ' = 0:7086.
Correlation of a …nancial variable with output
Correlation of output and interest rate spreads, 0:57: It should be noted that, based on simulations, this moment is the most informative with respect to the business cycle variation in the distress probability.
Price stability moments
Standard deviation of the consumption less energy and food price in ‡ation in the NIPA, Overall, the calibration procedure resulted in a reasonable …t of data and model moments. It is worthwhile to discuss some moments and parameter estimates in greater detail.
In the model, the correlation of output and the interest rate spread is of particular relevance for capturing the business cycle variation in the probability of a bank run. The data moment of 0:57 is fairly close to the model moment of 0:53. We also closely match the share of short-term funding used by banks in the model (data: 35:3 per cent, model: 34:6 per cent). This moment is important because it partially determines the importance of the pecuniary externality in the model together with the spread moments, which we also matched reasonably well.
Furthermore, we determine the standard deviation of the idiosyncratic shock to banks'revenue as = 0:029 per cent. This implies an average probability of a distress signal of p = 0:55 per cent, or an average time between crises of 45:5 years. To get independent evidence regarding the idiosyncratic shock, we looked at the cross-sectional balance sheet data for publicly traded banks in the United States. The data we collected contained the pro…t rate per unit of assets because this measure accords well with the net rate of investment return in the model. The top panel of Figure 5 shows the cross-sectional standard deviation of pro…ts per unit of asset from 2000 onward. We …nd that our estimate for idiosyncratic risk is clearly in the range of possible values. Furthermore, we …nd that the share of …rms facing losses in excess of the regulatory equity holdings reaches a value of up to 0:66 per cent during the Great Recession, highlighting a sizable amount of risk similar to that in our model.
The model understates the standard deviation of short-term funding at 1:47 per cent, while the data value is 2:04 per cent.
The current calibration struggles the most with the in ‡ation moments. Especially the standard deviation of in ‡ation in the model at 0:12 per cent is half the actual standard deviation. Likely this is related to a fairly high value of = 1:7 compared with Taylor's estimate of 1:5.
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There are four additional moments that we wish to report. First, the high …rst-order autocorrelation of real output pushed us to assume a random walk for the productivity process ln (z t ) : To accommodate the unit root of productivity, we renormalized all variables with respect to productivity, which was possible as the model admits a balanced growth path.
Second, we initially also estimated the Taylor coe¢ cient on the consumption gap, C . However, the estimation converged to a value very close to zero, leading us to set the parameter to zero and re-estimate. The moment we tried to match with C was the correlation of output and short-term funding, which is 0:71 in the data. The moment implied by the model is 0:9.
A further moment that we did not target is the drop in real output during the Great Recession. The related model moment is an output drop during a …nancial crisis without disaster. In the model it is marginally higher than that found in the data, 7:65 per cent compared with 6:26 per cent.
Finally, the standard deviation of the policy rate in the model is 0:22 per cent, compared with 0:33 per cent in the data.
Results
Before we go into detail, it is instructive to consider the main …ndings. In the model, monetary policy alone doesn't solve the bank-run problem. This is consistent with the fairly broad policymaker consensus that …nancial regulation is the …rst line of defence against a crisis. However, even taking this limit as given, monetary policy can in ‡uence the conditions under which risk increases and reduce ‡uctuations in risk, which it optimally does in our economy.
Depending on the variables re ‡ected in the policy rule, di¤erent strategies become available. With a traditional in ‡ation-output reaction function, monetary policy focuses more on overall economic stabilization. When short-term funding is added to the policy reaction function, the optimized policy leads to a substantial welfare improvement. The systematic reaction to short-term funding achieves a better stabilization of the economy, speci…cally during periods of …nancial crisis. This is achieved by a reduction in the volume of short-term funding relative to patient investors'capital. This reduction lowers the average output loss by 1 per cent during a crisis. Moreover, it leads to consistently higher savings.
To understand the importance of monetary policy, we consider three economies, each associated with a particular version of the monetary policy rule
We analyze three special cases:
The benchmark monetary policy (BMP) from the calibration.
( ; C ; D ) = ROM P ;
ROM P C
; 0 : The restricted (welfare) optimized monetary policy (ROMP), which is prevented from reacting directly to short-term funding.
The welfare optimized unrestricted monetary policy (OMP), allowing a reaction to all three variables.
Coe¢ cients in the OMP rule feature a much more aggressive response to in ‡ation ‡uctuations compared with the BMP, see Table 4 . The OMP also responds to ‡uctuations in banks' shortterm funding positions as well as to ‡uctuations of aggregate consumption and improves welfare by 0:43 per cent in terms of Lifetime-Consumption Equivalents (LTCE), illustrated by the welfare loss numbers in columns 2 and 3 of Table 4 . 20 The restricted central bank responds even more strongly to ‡uctuations in in ‡ation, while accommodating ‡uctuations in consumption, see Table 4 . However, the restriction is welfare costly with a loss relative to the unrestricted rule of 0:22 per cent of LTCE.
One other important distinction between the ROMP and the OMP rules is that the average policy rate is lower for the unrestricted case, see Table 4 . The interest rate di¤erence is, on average, 43 basis points, but it is much more pronounced during recession, when the OMP implies an interest rate di¤erence of 1:23 per cent that is lower than the ROMP. The other interest rates also re ‡ect this di¤erence in policy rates. The bond rate is 51 basis points lower, on average, under the OMP, with a more pronounced di¤erence of 1:35 per cent during recessions. Thus we conclude that the ability to react to the short-term credit allows the central bank to pursue a more accommodative interest rate policy, especially during recoveries from recessions. This policy accommodation allows 20 See Appendix 8.5 for details regarding our welfare measure. for higher savings rates and higher wealth. The wealth is 4.3 per cent higher on average under the OMP, see Table 4 , with an even larger di¤erence of more than 6 per cent during recessions. The average savings rate is 1 percentage point higher under the OMP compared with the ROMP.
One insight we gained from these experiments, is that it is hard to grasp the impact of monetary policy on the economy by looking just at the …rst and second moments of variables. Our model features strong non-linearities resulting from tail events associated with bank runs, …re sales and output losses. The non-linear global solution method that we employ allows us to assess the e¤ect of changes in monetary policy not only in the vicinity of the stochastic steady state, but also during the low probability events associated with bank runs. However, since the model economy spends most of its time around its stochastic steady state, the impact of policy variation on …rst and second moments is relatively minor. For this reason, we …nd it more instructive to look at the distributions of the relevant variables. This approach demostrates more clearly how OMP and ROMP manage risks and economic disruptions during tail events.
Comparing the distributions under di¤erent policies
In this section we compare di¤erent policies focusing on the overall distributions of endogenous variables, like short-term funding and in ‡ation.
The optimized policy compared with the benchmark policy
When comparing the implications of the OMP with the BMP, i.e. the calibrated rule, we learn that the OMP contains the average crisis probability in the economy much more e¤ectively, generating higher wealth and comparable average in ‡ation. It does so by containing banks'short-term funding and allowing in ‡ation to deviate strongly on the downside at times, creating a downside-skewed in ‡ation distribution.
Going into details, Figures 6 and 7 show the distributions of in ‡ation and short-term funding relative to patient investors' assets plotted against the variation in the crisis probability. The crisis probability is always on the vertical axis. Blue crosses and lines represent simulation results and distributions from the BMP economy. Red circles and lines represent simulation results and distributions from the economy with the OMP. Looking at the distributions of the crisis probability plotted to the right of scatterplots, we can immediately see that the OMP successfully tightens the crisis probability distribution and lowers the highest observed crisis probability: the mode of the probability distribution shifts down by approximately 1 basis point, and the distribution becomes much more concentrated. It is also noteworthy that the simulations generate a range of crisis probabilities between 53:8 and 60 basis points for OMP compared with 54:2-64 basis points for BMP. This might seem like a small di¤erence, but in terms of the expected time between crisis events, the probability di¤erences are fairly sizable at 42-47 years compared with 39-46 years. Thus the OMP can delay the expected arrival time of a crisis by 1 to 3 years compared with the BMP. The probability density functions on the horizontal axis of Figure 6 show that the distribution of in ‡ation also becomes much more concentrated under the OMP. At the same time, the ‡at downward slopping shape of the red scatterplot on Figure 6 highlights that the optimizing central bank might confront massive declines in in ‡ation, 21 at the same time as the crisis probability starts rising. Notice that this is consistent with Issing's (2003) idea that central banks might be willing to deviate from their price stability objective during times of …nancial stress. The key to the welfare success of the OMP is the higher average wealth and a stronger concentration of wealth around the stochastic steady state, see Table 4 . How does monetary policy achieve the higher wealth level? Essentially, an interest rate response to short-term funding leads to an adjustment in private sector expectations, which improves the central bank's tradeo¤ between the level of interest rates and the amount of short-term liabilities issued by banks. This favourable adjustment in expectations is similar to that realized by an aggressive response to in ‡ation, which improves the tradeo¤ between in ‡ation and output. The mere threat of a strong reaction to short-term funding is su¢ cient to moderate the accumulation of short-term liabilities. In our optimized policy simulations, the ability of the central bank to control short-term funding lowers the average interest rates relative to the benchmark economy. The lower borrowing rates stimulate investment and wealth accumulation, leading to a substantial welfare gain. In addition, the OMP lowers the risk of a crisis by restricting the short-term funding share of banks and thus creating a safer environment for investment. Figure 7 plots the distribution of banks' short-term funding normalized by the total assets of patient investors. The clear separation between the blue and the red clouds suggests that one way in which the optimized policy manages to reduce the crisis probability and improve welfare is by reducing the size of short-term liabilities relative to the capacity of patient investors to provide liquidity in the case of bank runs. This highlights that it is useful from a …nancial stability standpoint to measure short-term funding relative to the available outside liquidity because this indicator provides a good assessment of potential …re-sale conditions. What the OMP does very well is ensure that this ratio does not get very big and that it actually contracts with the economy in times of crisis. This is very much in contrast to the BMP, which features the highest share of short-term funding relative to outside liquidity at the same time as the crisis probability is near its peak.
Returning to Table 4 , we can see that policy rates under the OMP and the ROMP are lower on average than under the BMP, and do not vary as much. However, the standard deviations of in ‡ation and output are higher under the two optimized policies. This con…rms that …rst and second moments are not necessarily the best statistics to consider when aiming for welfare maximization in a world with extreme events.
The restricted optimized compared with the unrestricted optimized rule
A comparison of the ROMP and the OMP reveals that the ROMP is able to achieve a lower standard deviation of in ‡ation, output and the policy rate at the same time it reduces the average probability of a crisis. However, it does so at the expense of a lower average level of wealth and, as a result, lower welfare. The key obstacle the ROMP can not overcome is that without direct policy response to short-term funding, it must accept higher levels of short-term funding, costlier bank runs, a riskier investment climate and lower overall savings in the economy.
As in the previous section, the Figures 8 and 9 show the distributions of in ‡ation and short-term funding relative to the assets owned by patient investors, plotted against the variation in the crisis probability. The crisis probability is always on the vertical axis. Blue crosses and lines represent simulation results and distributions for the economy with under the ROMP. Red circles and lines repeat simulation results and distributions from the economy with the OMP.
Looking at the distributions of in ‡ation and the crisis probability in Figure 8 , we can see that the ROMP is more conservative than the OMP. Speci…cally, ROMP admits fewer and less sizable declines of the in ‡ation rate, while at the same time slightly reduces the crisis probability. A comparison of columns 3 and 4 from Table 4 con…rms that the average crisis probability is slightly lower under ROMP, and the volatilities of in ‡ation, output and the policy rate are also smaller under ROMP (see the numbers in the bottom three rows). Yet, the welfare loss is 22 basis points greater. This is due to higher steady state wealth the OMP is able to generate as it successfully reduces the amount of short-term funding relative to the funds available to patient investors, as shown in Figure 9 .
Overall this experiment suggests that, in our economy, the ability of the central bank to change interest rates in response to ‡uctuations in banks' short-term liabilities is important for welfare outcomes. Without this ‡exibility, the central bank becomes more cautious and less accommodative with respect to risk taking and wealth accumulation. However, in contrast to the concept of "leaning against the wind," the OMP coe¢ cient on short-term funding is actually negative (see column 3 of Table 4 ). This means the policy rate is decreasing in short-term funding. As we discussed in the introduction, this policy response to short-term funding has a stabilizing e¤ect on the amount of short-term liabilities because the household supply of short-term funding is more responsive to changes in the interest rate spreads than the banks' demand. In addition the adjustment in private expectations regarding policy aggressiveness toward short-term debt allows the unrestricted optimized policy to lower the policy rates and, at the same time, tighten the interest-rate spread. Columns 3 and 4 in Table 4 con…rm that the average spreads are lower under the OMP because the higher investment rate has a moderating e¤ect on long-term interest rates.
It is important to note, that the negative coe¢ cient on consumption in the restricted optimal policy, ROM P C < 0, emulates the e¤ects of the short-term funding coe¢ cient under OMP,
22 Both coe¢ cients help moderate the sharp falls in interest rates in response to the very large declines in in ‡ation after bank-run events. Speci…cally, both consumption and demand deposits fall below their steady-state values in normal times after such crisis periods. Thus the regular Taylor coe¢ cients would lead to a massive decline of the policy rate, which would lead to large spreads, stimulate short-term funding and increase the risk of another bank run. The negative coe¢ cients in the rules reduce the e¤ect, trading a strong deviation of in ‡ation and output against the lower risk of a crisis. The impact of the coe¢ cients on the policy rate can be clearly seen in the decompositions of the policy rule e¤ects in Figure 10 . Note that the coe¢ cient values for ROMP and OMP rules are as shown in columns 3 and 4 of Table 4 .
Does monetary policy matter for risk?
None of the monetary policies we consider changes much the average probability of a crisis. This, however, does not necessarily mean that the monetary policy has no in ‡uence on risk. To get a better understanding of the way the OMP responds and deals with risk, we focus attention on periods with a high probability of a crisis, i.e. high-risk periods. As a reference, we use the ROMP, which generates the lowest mean distress probability. For the ROMP, we determine the 99:5th percentile of its distress probability distribution, which is the value of distress probability p, such that only 0:5 per cent of simulation periods under ROMP have a distress probability above that level. Second, we sample the distributions of distress probabilities under the BMP and under the OMP and report the fraction of periods their distress probabilities exceed the same level p: This is our measure of the prevalence of high-risk periods under di¤erent monetary policies. Under the OMP, 2 per cent of the periods fall in that high-risk group, and under the BMP, the economy spends a massive 14:8 per cent of the time in the high-risk zone. Thus clearly both the OMP and the ROMP reduce the risk of a crisis relative to the BMP. Finally, for all three policies we examine …rst and second moments of in ‡ation, output, interest rates and other variables to see how high-risk periods di¤er across policies. Table 5 compares some of the summary statistics for periods of high risk and all other periods.
Are high-risk periods special in a systematic way?
We …nd the following main characteristics of the high-risk periods. First, the economy is below steady state in terms of wealth, output and in ‡ation. Second, the cost-push shocks are far away from their means, though the direction of the gap is policy-speci…c. Third, the economic outlook regarding output and in ‡ation, which are expected to remain substantially below target, is weak. Fourth, all policy rates are stimulating during those periods, with the OMP creating the most aggressive stimulus. Finally, the short-term funding is low under all policies with the OMP inducing the strongest deviation from the steady state in normal times.
Do policies in ‡uence high-risk periods? It is clear that the OMP manages tail risk in the sense that it restricts the amount of shortterm funding, thus avoiding costly downturns, and reduces the probability mass in the upper tail of the crisis risk distribution. For example, both OMP and ROMP induce lower short-term funding compared with the BMP, in both absolute and relative terms. The lower amounts of short-term funding lead to a tighter constraint on short-term funding, as evidenced by the higher values of Lagrange multipliers on the constraint. Also, the optimized policies admit high risk of distress during periods with severe cost-push shocks, while managing to avoid high-risk during other periods.
Conclusions
We extend and carefully calibrate the Stein (2012) model in which banks'funding choices can lead to bank runs and costly …re sales. In this setup, we assess the impact of variations in monetary policy rules on the probability of bank runs and on the severity of output losses induced by such runs. We …nd that it is welfare-bene…cial for central banks to respond aggressively to in ‡ation, while at the same time responding with a negative coe¢ cient to the variation in banks'short-term liabilities. The OMP leads to a welfare gain equivalent to nearly 0:22 per cent of life-time consumption, relative to the ROMP, which does not admit a direct response to short-term funding. Thus our model provides additional support to interest rate rules that are sensitive to some measure of …nancial activity. Another …nding based on our model is that the ROMP is slightly more aggressive on in ‡ation ‡uctuations than the OMP. It attains lower volatilities of in ‡ation, output and policy rates while reducing the average probability of …nancial crises at the same time. We also …nd that the considered optimized monetary policy rules, OMP and ROMP, in our environment use part of their in ‡uence on the reduction of tail risk by trying to keep the crisis probability distribution close to its mean. This is done even at the expense of occasionally compromising price stability.
One of the premises of our analysis is that regulatory tools are insu¢ cient to control the risks arising from banks'funding risks. However, these tools are the natural …rst line of defence against such risks. As pointed out in Stein (2013) , appropriately set reserve requirements bear much promise in this regard. Contemplating the interaction between regulatory tools (e.g. leverage regulation) and monetary policy, when handling residual risks in our setup, would likely be a fruitful extension of the presented analysis. 8 Appendix
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The timing of events
The period t starts with the realization of shocks. Afterward, production takes place and the returns on investment are paid. We will give more details about the settlements of assets and liabilities further below. For now let us focus on the events that happen after the period t production takes place and all claims are settled. Figure 4 shows the timing of the events in the model covering the time frame between the period t consumption and investment decisions, and the period t + 1 production and liability repayment outcomes. Let us state the timing of these events step-by-step:
1. The central bank sets the current short-term interest rate target R t ; and the representative household divides its wealth W t between consumption C t and investments: D 3. A publicly observable signal arrives with probability p t (= p (t)): It signals that the banking system can be in distress. With probability (1 p t ) the banking system is sound. 6. Period t+1 starts with the realization of four shocks: (i) the productivity of intermediate-good …rms z t+1 ; (ii) the idiosyncratic revenue shocks of banks t+1 ; (iii) the mark-up shock, t+1 ; (iv) the liquidity preference shock of the households t+1 .
7. The production of intermediate goods takes place, and it becomes clear whether the current state is a disaster, happening with probability q; or not. Note that the disaster in period t + 1 is only possible, if there was a bank run in period t. If a disaster happens, the fraction ' of banks'output and undepreciated capital becomes useless, and …re-sale assets owned by patient investors are worthless to them. In any case, the fraction (1 ) of output is paid to households as labour income.
The monopolistically competitive retailers buy intermediate goods at the relative price Q t+1
and produce di¤erentiated …nal goods, while taking in account the household demand for their products, as well as the government production subsidy, which reduces their marginal cost by the factor " 1 "
. The …nal-good …rms set their optimal prices.
9. All claims and liabilities are settled. The patient investors and banks pay bond returns to the households. Should the funds be insu¢ cient to cover them, equity holders and the government might step in, depending on the size of the revenue shortfall. All banks are dissolved regardless of their bankruptcy status and a new set of banks is created. The representative household's wealth W t+1 is determined by the payo¤s on all of its assets, as well as by the lump-sum transfers from the government, as shown in the budget constraint, equation (2).
Bank problem
Equivalently, we can state the problem as: From this, we obtain the …rst order necessary conditions: 
Social planner problem
The social planner problem without …nancial constraints can be expressed as follows: 
In our welfare calculations we simulated each economy with the same sequence of shocks over T = 100; 000 periods. Then we approximated using sample means of t 
We experimented with the sample size and found that 100,000 simulation periods were needed to obtain a reliably consistent welfare measure across policies.
